Paintings are composed of multiple layers, such as preparation, underdrawing, paint, varnish, etc. The layer structure, or stratigraphy, provides useful information as it reflects the working practices and techniques of the artist. Conservation and restoration require precise knowledge of constituent materials and their complex multilayer structures. As the objects are precious and often cannot be moved, the appropriate diagnostic techniques have to be ideally noninvasive and should be carried out in situ by portable instrumentation. Elemental and molecular information can be retrieved noninvasively in situ by spectroscopic techniques such as X-ray fluorescence, fiber optic Fourier transform infrared ͑FTIR͒, fiber optic micro-Raman, and others, but these techniques only provide characterization of materials near the surface of the paint without in-depth information. [1] [2] [3] For a stratigraphic analysis today it is still common practice to extract small samples to obtain the cross section of the paint for subsequent examination by optical microscopy ͑OM͒ and electron microscopy ͑SEM͒, micro-FTIR, microRaman spectroscopy, and other techniques. 4 Such studies allow conservators and scholars to visualize the sequence of layers in the paint and to potentially identify pigments and binders, possible repaintings, the imprimitura ͑the primer͒, and also the presence of an incamottatura, a textile used to cover and join the wood panels of the support as a base for the primer.
As such studies are compromising to the painting, we investigated the use of single-sided nuclear magnetic resonance ͑NMR͒ as an alternative method. [5] [6] [7] [8] [9] [10] A single-sided NMR sensor with a flat sensitive volume external to the device 10 can provide profiles of the stratigraphy of paintings and other nontransparent objects spanning several millimeters in depth with a resolution greater than 10 m, which are sensitive to the physical-chemical properties of the materials. 11 Competing techniques that can also provide stratigraphic information noninvasively include optical coherence tomography and ultrasound, but these are also still experimental, and sometimes cannot penetrate deeper into the layer structure than the varnish layer. 12 This work reports the results obtained with the Profile NMR-MOUSE 10, 11 ͑Mobile Universal Surface Explorer by ACT GmbH, Roetgen, Germany͒, a compact and mobile, single-sided, 1 H NMR sensor. It has been applied to measure in situ the thickness of proton-rich layers in paintings and to investigate binder aging, without contact with the paint surface. This investigation is a first step toward characterizing the three dimensional ͑3D͒ morphology of the different layers in paintings without contact and as such avoiding any kind of sampling.
The NMR-MOUSE is a mobile NMR sensor equipped with a single-sided permanent magnet arrangement that generates a uniform static magnetic field gradient suitable for high-resolution sample profiling up to depths of about 10 mm from objects placed nearby. Its size is approximately 100ϫ 100ϫ 80 mm 3 . The NMR signal derives from a thin slice centered 10 mm above the device parallel to its surface, where the field strength is 0.411 T and the gradient is 20 T / m along the depth direction. The slice volume extends about 10ϫ 10 mm 2 along the lateral directions, a size that is determined by the geometry of the radio-frequency coil of the sensor, while the thickness in the depth direction depends on the setting of the measurement parameters and can range from 200 to 2.3 m.
The sensor is mounted on a stepper-motor driven lift, which can be positioned with a precision of 10 m to scan the profile by shifting the sensitive slice through the object. For each slice the transverse magnetization decay is recorded with a multiecho train by CPMG ͑Carr, Purcell, Meiboom, and Gill͒ sequence. The measured signal is reduced to a T 2 -weighted proton density value of the material within the sensitive slice by partial integration of the echo envelope. The collection of these numbers as a function of depth forms the measured NMR depth profile. T 1 weighting can also be introduced to the measurement by varying the recycle delay between subsequent acquisitions. By default, the recycle delay is chosen large enough to avoid T 1 weighting. The profile amplitude at each depth was computed from the sum of the maxima of the first echoes in the acquired echo train.
The suitability and accuracy of the method were previously tested on two easel painting models which had been prepared at the University of Perugia approximately 5 years ago following the recipes of the old masters. They consisted of a wood panel covered by a primer composed of gypsum and animal glue, and finally a paint layer containing two different pigments mixed with egg tempera, a common binder in ancient paintings. In one panel, the pigment was verdigris, copper acetate ͓Cu͑CH 3 COO͒ 2 H 2 O͔, in the other it was cobalt blue ͓Co . Al 2 O 4 ͔. To demonstrate the performance of the NMR sensor, depth profiles of the two models were measured and compared to OM and SEM cross sections.
Depth profiles of two laboratory models were measured with a resolution of 30 m ͑Fig. 1͒. The profiles ͓Figs. 1͑a͒ and 1͑c͔͒ show amplitude variations which can be assigned to the different layers of the paintings. Starting from the surface of the painting, the two regions of higher amplitude correspond to the paint layer and the wood, whereas the intermediary zone is ascribable to the primer, as confirmed by the optical images of the cross section of the models ͓Figs. 1͑b͒ and 1͑d͔͒. Thus, due to the different properties of the constituent materials, the NMR profiles indeed reveal the stratigraphy of the paintings. The thickness of the layers was determined by measuring the distance from the position of half maximum amplitude of the first edge to the equivalent point of the second edge. The values for the paint layer are 210Ϯ 20 m for panel 1 and 140Ϯ 20 m for panel 2.
To check the validity of the NMR results, electron and OM measurements of the thickness of the layers were carried out on cross sections obtained invasively by sampling the same area of the panel as investigated by the NMR-MOUSE. The values obtained for panels 1 and 2 are 200Ϯ 12 and 130Ϯ 10 m, respectively ͓Figs. 1͑b͒ and 1͑d͔͒. The SEM values result from an average of ten measurements done on a sample ͑10ϫ 5 ϫ 2 mm 3 ͒ taken from the area investigated by the NMR probe, and the error corresponds to the standard deviation. In comparison, the error in the thickness from the NMR profiles was determined as the standard deviation calculated from a number of measurements performed at the same spot. The measured thickness values of the different layers in the models using both noncontact NMR and invasive microscopy techniques are summarized in Table I . The results show very good agreement. The same NMR sensor was then used to measure a large number of Italian Renaissance master paintings in the Galleria Nazionale dell'Umbria in Perugia ͑Italy͒. As an example, two depth profiles measured at different points on an oil painting, the "Adorazione dei Magi" ͑ϳ1470͒ by Pietro Vannucci ͑"il Perugino"͒, are reported in Fig. 2 . Four different layers were observed. They are ascribed to the wood, the incamottatura, the imprimitura and the paint layer. No varnish layer was detected. The canvas of the incamottatura glued to the wood is around 200 m thick at one position ͑A1͒ and about three times ͑620 m͒ that value at another position ͑A2͒, where two boards were joined. The thickness of the primer layer is about 600 m in A1 and 400 m in A2. The paint layers is around 140 m thick in A1, while in A2 is thinner and differs of about 40 m. These results clearly show that the technique is suitable for measuring the thickness of the paint layer, the imprimitura, and the incamottatura in historical paintings with an accuracy of about 20-30 m without any contact with the painting's surface. The measurements are simple, and the instrumentation is easily portable and therefore can be used directly at the site where the artwork is located. In particular, it is possible to detect the presence and thickness of canvas reinforcements, a task not easily achieved by other noninvasive methods ͑Fig. 2͒. With this technique it is possible to scan entire paintings with depth profiles acquired point by point to construct a 3D map of the stratigraphy. Moreover, the technique can in principle be also applied to the study of the nature of the binder ͑i.e., oil, tempera, casein, etc.͒ used for binding the pigments. In particular, the aging of the binders can be investigated by measuring the NMR relaxation times T 1 and T 2 as they characterize the molecular mobility, which may be related to their aging history. To compare the values obtained from the old master paintings ͑A͒, the relaxation times were also measured for a number of different tempera paints prepared at the National Gallery in London and artificially aged in incremental steps by repeated exposure to intense light irradiation ͑B͒. In a T 1 − T 2 correlation plot ͑Fig. 3͒ the values for naturally aged paints from the old master paintings show lower relaxation times than the values for the more recent and artificially aged paint samples. This shows that different stages of tempera aging, or different aging conditions, can be discriminated by the NMR method, indicating that NMR has the potential to differentiate between old and recently restored sections in a painting thus raising the hope of identifying genuine and forged paintings.
